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Biosensor Membranes Composed of Polymers Containing Heterocyclic
Nitrogens '

.Field. of the Invehtion'

[0001]A This iﬁvention generally relates to an analyte-flux-limiting membrane.

More particularly, the invention relates to such a membrane composed of polymers

containing heterocyclio nitrogens. The membrane is a useful component in
- blosensors, and more particularly, m biosensors that can be lmplanted in a living
_ body '

Background of the Invention

[0902] | Enzyme-based biosensors are devices in which an ana]yte-concéntfation-
' depehdent biochemical reaction si ghal is converted into a measurable physical signal,
such as an optical or electrical signal. Such biosensors are widely used in the
detection of analytes in clinical, environmeotal, agriculturzil and bioteohnological
api)lications Analytes that can be measured in clinical assays of fluids of the human
body include, for example, glucose, lactate, cholesterol, bxhrubm and amino acids.
The detection of analytes in blologlcal fluids, such as blood, is important in the
diagnosis and the momtormg of many diseases. ' _ ' _
[0003] Biosensors that detect analytes via electnca] ‘signals, such as current
(amperometric biosensors) or charge (coulometnc biosensors), are of special interest
because electron transfer is involved in the biochemical reactions of many important
bioanalytes. For example, the feaction of glucose with glucose oxidase. involves
electron transfer from glucose to the enzyme to produce gluconolactone and reduced
enzyme In an example of an amperometric glucose biosensor, glucose is oxidized by
oxygen in the body fluid via a glucose oxidase-catalyzed reaction that generates
gluconolactone and hydrogen péroxide, Whereupori_ the hydrogen peroxide is
electrooxidized and correlated to the concentration of glucose in the body fluid.
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(Thomé-Duret, V., et al., Anal. Chem. 68, 3822 (1996); and U.S. Patent No.
5,882,494 of Van Antwerp.) In another example of an amperometric glucose
biqsénsor, the electrpoxidation of glﬁcose to gluconolactone is mediated by a
polymeric redox mediator that electrically “wires” the reaction center of théeﬁzyme
" to an electrode. (Csbregi, E., ef al;, Anal. Chem. 66,"313-1 (1994); Csbregi, E., et al.,
" Anal. Chem. 67, 1240 (1995); Schmidtke, D.W., ef al., Anial. Chem. 68, 2845 (1996);
* Schmidtke, D.W., ef al., Anal. Chem. 70, 2149 (1998); and Schmjdtke_,.D.W., et al.,
Proc. Natl. Acad. Sci. U.S.A. 95,294 (1998).) _ ‘ ’
[0004] Amperometric biosensors typically employ two or three Aélectrocvles,
_ including at least one measuring or working electrode and one reference electrode. In
M&elédﬁode systems, the reference electrode also serves as a counter-electrode. - In
' three-electrode systems, the third electrode is a counter-electrode. The measuring or
~ working electrode is composed of a non-corroding carbon or a metal conductor and is
conneécted to the reference electrode via a circuit, such asa potentiostat.
[0005] Some biosensors are designed for implantation in a living animal body,
such-as a mammalian or a human body, merely by way of example. In an implantable
amperofnetriq biosensor, the working electrode is typically constructed of a sensing
layer, which is in direct contact with the conductive material of the electrode, and a
diffusion-limiting membrane layer on top of the sensing layer. The sensing layer
typically consists of an enzyme, an enzyme stabilizer such as bovine serum albumin
(BSA),and a crosslinker that crosslinks the sensing layer components. Alternatively,
the sensing layer consists of an enzyme, a polymeric mediator, and a crosslinker that
cmsslipks the sensing layer components, as. in the above-mentioned “wired-enzyme”
biosensor. _ _ o
[0006] 0 In an irnplantablé amperometric glucose sensor, the membrané is often
benéﬁcial or necessary Afor regulating or- limiting the flux of glucose to the sensing
_layer. By way of explanation, in a glucose sensor without'a membrane, the flux of
glucose to the sensing layer increas&s' linearly with the concentration of glucose.
- When all of the glucose arriving at the sensing layer is consumed, the meaéure’d
output’ signél is - linearly proportional to the flux of glucose and thus to the
“concentration of glucose. However; when the glucose consumption is limited by the
kinetics of chemical or electrochemical activities in the sensing layer, the measured

6utput signal is no longer controlled by the flux of glucose and is no longer linearly
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proportional to the flux or concentration of glucose. In this case, only a fraction of the
glucose a.rriving at the sensing layef is consumed before the sensor becomes safurat_ed,
whereupon the measured signal stops increasing,' or incfeases only slightly, with the
concentration of glucose. In a glucose sensor equipped with a diffusion-limiting
membrane, on the other haﬁd, the membrane reduces the flux of glucdse to the
sensing layer such that the sensor does not become saturated and can therefor operate
- effectively within a much wider range of glucose concentration.
[0007] ‘More particularly, in these membrane—equippéd glucose sensors, the
glucose consumption rate is controlled by the diffusion or flux of glucose through the
membrane rather than by the kinetics of the sensing layer. The flux of glucose
through the membrane is déﬁned by the permeability of the membrane to glucose,
which is usually constant, and by the concentration of glucose in the. solution or
biofluid being monitored. When all of the glucose arriving at the sensing layer is
consumed, the flux of glucose through the membrane to the sensing layer varies
.linearly with the concentration of gluéose m .the solution, and: determines the
measured conversion rate or signal output such that it is also linéarly proportional to
the concentration of glucose concentration i in the-solution. ~ Although not necessary, a
_ linear relatlonshlp between the output signal and the concentratlon of glucose in the
solutlon is ideal for the cahbratlon of an unplantable sensor. i
[0008]  Implantable ampcrometnc glucose sensors based on the electrooxidation
of hydrogen peroxide, as described above, require excess oxygen. reactant to ensure
that the sensor output is only controlled by the concentration of glucose in the body
- fluid or tissue being monitored. That is, the sensor is-designed to be unaffected by the
oxygen typically presént in body fluid or tissue. In body tissue in which the glucbse |
~ sensor is typically implanted, the concentration of oxygen can be very lbw, such as
-~ from: about 0.02 mM to about 0.2 mM, while the concentration of glucose can be as
high as about 30 mM or more. Without a glucose-diffusion-limiting membrane, the
-sensor would become saturated very quickly at very low glucose concentrations. The
- . sensor thus benefits from having a sufficiently oxygen-permeable membrane that
restricts glucosé flux to the sensing layer, such that the so-called “oxygen-deficiency
problem,” a condition in which there is insufficient oxygen for adequate sensing to
take place, is minimized or eliminated. . |

[0009] In implantable amperometric glucose sensors that employ wired-enzyme
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electmdes, as described above there is no oxygen-deﬁcxency problem because
oxygen is not a necessary reactant. Nonetheless, these. sensors require glucose-
' dlffusmn-lumtmg membranes because typically, for glucose sensors that lack such
membranes, the current outj)ut-reaches a maximum level around or below a glucose
concentration of 10 mM, whxch is well below 30 mM, the hxgh end-of chmcally
. relevant glucose concentration. _
[0010] A diffusion-limiting meinbrane is also of benefit in>ra bioeenser that
employs a wired-enzyrhe electrode, as the membrane significantly reduces chemical
“and biochemical reactivity in the sensing layer and thus reduces the production of
radical species that can damage the enzyme. The diffusion-limiting membrane may
also act‘ as a mechariical protector that prevents the sensor componenié_from leaching
out of the sensor layer and reduces motion-associated noxse
" [0011) ~ There have been various attempts to develop a glucose-dxﬁhsmn—lmutmg
membfane that is mechanically strong, biocompatible, and easily manufactured. For
example, a laminated microporous membrane with mechanical holes has been
described (US Patent‘No. 4,759,828 of Young et al.) and membranes formed from
polyufetha.ne are also known (Shaw, G.W., et al., Biosensors and Bioelectronics 6,
401 (1991); Bindra, D.S., et al., Anal. Chem, 63, 1692 (1991); Shichir, M, et al.,
. Horm. Mefab. Reé.,‘ Suppl. Ser. 20, 17 (1988)). Supposedly, glueese diﬁuses_ﬂmqgh
the‘mechanical holes or cracks in these various mer;lbranes. Further by wayA of
example; "a heterogeneous . membrane with discrete hydrophobic and hydrobhilic-
regieps (U.S. Patent No. 4,484,987 of Gough) and homogenous membranes with both
hydrophobic and hydrophilic functionalities (U.S. Patent -Nos. . 5,284,140 and
5,322,063 of Allen et al) have been described. However, all of these known
" membranes are difficult to manufacture and have inadequate physical properties.
[0012)  An improved membrane formed from a complex mixture- of a
diisocyanate, a diol, a diamine and a silicone polymer has been described in U.S.
Patent Nos. 5,777,060 (Van Antwerp), 5,786,439 (Van Antwerp ef al.) and 5,882,494
(Van Aniwerp). As described therein, the membrane material is simultaneously
polymerized and crosslinked in a flask;.the resulting polymeric material is dissolved
in a strong organic solvent, such as tetrahydroforan (THF); and the resulting solution
is applied onto the sensing layer to form the rﬁembme. Unfortunately, a very strong

organic solvent, such as THF, can denature the enzyme in the sensing layer and also
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dissolve conductive ink materials as well as any plastic materials that may be part of
. the sensor. Further, since the polymerization and crosslinking -reactions are
completed in the reaction flask, no further bond-making reactions occur when the
solution is apphed to the sensmg ]ayer to form the membrane. As a result, the
adhesion between the membrane layer and sensing layer may not be adequate.
[0013] In the publnshed Patent Cooperation Treaty (PCT) Application bearing
International Publication No. WO 01/57241 A2, Kelly and Schiffer describe a method
for making a glucose-diffusion-limiting membrane by photolytically polymerizing
small hydrophilic monomers. The sensitivities of the glucosé Sensors employing such
membranes are widely scattered, however, indicating a lack of control m the
' membrane-makmg process. Further, as the polymerization involves very ‘small
molecules, it is quite possible that small, soluble molecules remain after
' polymeﬁzation, which may leach out of the sensor. Thus, glucose sensors employing
such glucose-difﬁlsion-lixniting membranes may not be suitable for implantation in a

living bbdy.

Summary of the Invention
{0014]  The present invention is directed to membranes composed of crosslinked

- polymers containing heterocychc nitrogen groups, partlcularly polymers of
polyvinylpyridine and polyvinylimidazole, and to electrochemical sensors equipped
with such membranes. The membranes are useful in limiting the flux of an analyte to
a working electrode in an electrochemical sensor so that the sensor is l‘inearly '

‘ responsivé over a large range of analyte concentrations and is easily calibrated.
Electrochemical sensqrs equipped with membranes of the present invention
demonstraté éonsiderable sensitivity and stability, and a large si@al«to-noise ratio, in
a vériety of conditions. v : | .
[0015]  According to one aépéct of the invention, thé membrane is formed by -
crosslinking in situ a polymer, modified with a zwitterionic moiety, a non-pyridine
copolymer component, and optionally another moiety that is either hydrophj'lic or
hydrophobic, aﬂd/or has other desirable properties, in an alcohol-buffer solution. The
modified polymer is made from a precursor polymer containing heterocyclic nitrogen
groups. Preferably, the precursor polymer is polyvinylpyridine or
polyvinylimidazole. When used in an electrochemical sensor, the membrane limits

- the ﬂux of an analyte reaching a sensing layer of the sensor, such as an enzyme-
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. containing sensing layer of a “wired enzyme” electrode, and further protects the
sensmg layer These quahtles of the membrane sngmﬁcantly extend the linear

_ detectxon range and the stablhty of the sensor. '
[0016] " In the membrane . formation process, the non—pyndme oopolymer
component generally enhances the solubility of the polymer and may provide further
dosu'able physical or chemical propertles to the polymer or the resultmg membrane.
Optionally, hydrophilic or hydrophobic modifiers may be used to “fine-tune” the
permeability of the resulting membrane to an analyte of interest. Optional hydrophilic
modifiers, such as poly(ethylene glycol), hydroxyl or polyhydroxyl modifiers, may be

* used to enhance the biocompatibility of the polymer or the resulting' membrane. In
the formation of a membrane of the present invention, the zwitterionic moiéty' of the
polymer is believed to provide an additional layer of crosslinking, via intermolecular
electrostatic bonds, beyond the basic crosslinking generally attributed to covalent
bonds, and is thus believed to strengthen the membrane.

 [0017]  Another aspect of the invention concerns the preparation of a substantially

» homogeneous, analyté-diﬁ’usion—limiting membrane that may be used in a biosensor,
such as an implantable amperometric biosensor. The fnembrane is formed in situ by

A applying an aloohol-buffer solution of a crosslinker and a modified polymer over an
enzyme-containing sensing layér a.nd-'allowmg the solution‘ to cure for one to two
oays. The crosslinker-polymer solution may be appiied to the sensing Vl'ayer by
placing a droplet or droplets of the solution on the sensor, by dipping tho sensor into
the solution, or the like. Generally, the thickness of the membrane is controlled by the
concentration of the solution, by the number of droplets of the solution applied, by the
number of times the sensor is dipped in the solut‘ion,' or by any combination of the
these factors. Amperometric- -glucose sensors "equipped with diffusion-limiting
membranes of the present invention demonstrate excellent 'stabiiity and fast and linear

responsivity to glucose concentration over a large glucose concentration range.

: Brief Description of the Drawings )
[0018] Figure 1 is an illustration of a typical structure of a section of an analyte-
diffusion-limiting membrane, according to the present invention. A
[0019]  Figure 2A is a schematic, side-view illustration of a portion of a two-
electrode glucose sensor having a Working electrode, a combined counter/reference -

electrode, and a dip-coated membrane that encapsulates both electrodes, according to
-6-



WO 03/085372 o ' - : PCT/USOZ/15707

the present mventxon Figures 2B and 2C are schematic top- and bottom-vxew

_ illustrations, respectively, of the’ pomon of the glucose sensor of Figure 2A. Herem,
Figures 2A, 2B and 2C may be collectively referred to as Figure 2.

0020] Flgure 3 is a graph of current versus glucose concentration for sensors -
having glucose-dxfﬁlswn-lmutmg membranes, accordmg to the present invention, and
for sensors lacking such membranes, based on average values.

[00211 "Figure 4 is a graph of current output versus tlme at ﬁxed glucose

: concentratlon for a sensor having a glucose-d1fﬁ151on-lumtmg membrane, accordmg

. to the present mvennon, and for a sensor lacking such a membrane :

[0022] Figure 5 is a graph of current output versus time at different levels of

glucose concentration for sensors havmg glucose-dxffusmn—lmutmg membranes,

according to the present invention, based on average values. A

[0023] Figure 6 is a graph of current output versus time.at different levels of
| glucose concentration, with and without stirring, for a sensor having a glucose-

diffusion-limiting membrane, according to the present invention, and for a sensor

lacking such a membrane.

- [0024]  Figure 7A is a graph of current output versus glucose éoncentratién for
four separately prepared batches of sensors having glucose—dlffusmn-lmntmg :
membranes according to the present invention, based on average values. Figures 7B-

* TE are graphs of current output versus glucose concentration for mdmdual sensors in
each of the four above-referenced batches of sensors having glucose-diffusion-
lnmtmg mémbranes, fespecﬁvely, according to the pr_és'ent invention. Herein, Figures
7A, 7B, 7C, 7D and 7E may be collectively referred to as Figure 7. '

) Deséﬁgﬁon of:the Invention o
. ‘{0025] When used herein, the terms in quotation ‘mar‘ks are defined as set forth
.below - A | T O
[0026] “The term “alkyl” mcludes linear or branched, saturated aliphatic
hydrocarbons. Examples of alkyl groups mclude methyl, ethyl n-propyl, isopropyl,
n-butyl, tert-butyl and the: 1_1ke. ‘Unless otherw18e noted, the term “alkyl” includes
both alkyl and cycloalkyl groups. |
[0027]  The term “alkoxy” describes an alkyl group joined to the remainder of the
structure by an oxygen atom. Examples of alkoxy grouj)s include methoxy, ethoxy, n-
- Propoxy, isopropoxy, butoxy, tert-butoxy, and the like. In additioh, unless otherwise
-7-
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: ﬁoted, tﬁe term ‘alkoxy’ includes both alkoxy and cycloalkoxy groups. :
[0028)  The term “alkenyl” describes an unsaturated, linear or branched aliphatic
hydrocarbon having at least one carbon-carbon double bond. Examples of alkenyl
groups include ethenyl, 1-propenyl, 2-propenyl, l-butenyl 2-methyl-1 -propenyl, and
the like. A :

[0029] A “reactive group” is a functional group of a molecule that is capzible of
reacting with another compound to couple at least a portion of that other compound to
the molecule Reactive groups include carboxy, activated ester, sulfonyl halide,
sulfonate ester, 1socyanate 1soth10cyanate epoxide, azmdme, ha.hde, aldehyde,
ketone, amine, acrylarmde thiol, acyl azide, acyl halide, hydrazine, hydroxylamine,
alkyl hahde, imidazole, pyndmc, phenol, alkyl sulfonate, halotriazine, imido ester,
maleimide, hydrazide, hydroxy, and photo-reactive azido aryl groups. Activated

- esters, as understood in the art, generally include esters of succiniﬁ}idyl,
Benzotn'azolyl,» or aryl substituted by electron-withdrawing groups such as sulfo, nitro,
cyano, or halo groups; or carboxylic acids activated by carbodiimides.

[0030] A “substituted” functional group (e.g., substituted alkyl, alkenyl, or-alkoxy
group) includes at least one substituent selected from the following: halogen, alkoxy,
mercapto, aryl, alkoxycarbonyl, alkylaminoca.rbonyl,.dialkylam_inoearbonﬂ, -OH, -

: -NH2 ) alkylamino, dialkylamino, trialkylammoxﬁum ‘ all_canoylamigo,
arylcarboxamido, hydrazmo, alkylthio, alkenyl, and reactive groups.

[o031] -A “crosslinker” is a molecule that contams at least two reactwe groups
capable of linking at least two molecules together, or linking at least two portions of
the same molecule together. Linking of at least two molecules is called
intermolecular ‘cro'sslinking, while linking. of at least two portions of the samel
molecule is called intramolecular erosslinking.» A crosslinker having more tﬁan two
. reactive groups‘ may be capable of both interxnolecular and intrainolecular
~ crosslinkings at the same time. ) | o
~ [0032). © The term ° ‘precursor polymer” refers to the starting polymer before the -
B various modifier groups are attached to form a modified polymer.
[0033] . The term “heterocyclic nitrogen group” refers to a cyclic structure
containing a sp? hybridized nitrogen in a ring of the structure. ) '
 [0034] The term “polyvinylpyridine” refers to poly(4-vinylpyridine), poly(3-
vinylpyridine), or poly(2-vinylpyridine), as well as any copolymer of vinylpyridine

-8-
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and a second or a third copolymer component. _

- [0035]  The term “polyvinylimidazole” refers to poly(1-vinylimidazole), poly(2-
vinylimidazole), or poly(d-vinylimidazole). o |
[0036] A “membrane * solution” is a solution that contains’ all necessary
components for crosslinking and forming the membrane, including a modified
polymer containing heterocyclic nitrogen groups, a crosslinker and a buffer or an
alcohol-buffer mixed solvent. - : .
[0037] A “biological fluid” or “biofluid” is any body fluid or body fluid derivative

* in which the analyte can be measured, for example blood, interstitial ﬂuxd plasma,
dermal fluid, sweat and tears. ’ .
[0038] An “electrochemxcal sensor” is a dev1ce conﬁgured to detect the presence
of or measure the concentration or amount of an analyte in a sample via
electrochemical oxidation or reduction reactions. Typically, these reactions can be
transduced to an electrical signal that can be correlated to an amount or concentration
of analyte. , o . |
[0039] A “redox mediator” is an electron-transfer agent for can'ying'electrons ’
between an analyte, an analyte-reduced or ahalyte—oxidiZed enzyme, and an electrode,
either directly, or via one or more additional electron-transfer agents. A redox
mediator that includes a ﬁolymeric backbone may also be referred to as a “redox

- _polymer”, '
[0040]  The term “reference electrode” includes both a) reference electrodes and b)
reference electrodes that also function as counter electrodes @. e, counter/reference
electrodes), unless otherwise mdlcated _ ,
[0041]  The term “counter electro_d includes both a). counter el_ectrodesv'and b)
counter electrodes that also function as reference electrodes (i.e., counter/reference
electrodes), unless otherwise indicated. ' o :
[0042) In ger_leral, membrane of ‘the present invention is formed by cro§slinking'a
modified polymer containing heterocyclic nitrogen groups in an alcohol-buffer mixed
solvent and allowing the membrane solution to cure.over time. :The i)olymer
comprises poly(heterocyclic nitrogen-containing ccnstituent) as-a portion of its
backbone and additional elements, including a zwitterionic moiety, a hydrophobic
moiety, and optionally, a biocompatible moiety. ‘The resulting membrane is ca'pabIe

~ of limiting the flux of an analyte from one space, such as a'space associated with a
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biofluid, to another spacé, such as space associated with an enzyme-containing
sensing layer. An amperometric glucose sensor constructed of a wired-enzyme
sensing layer and a glucose-diffusion-limiting layer of the present invention is very

stable and has a large linear detection range.

Heterocyclic-Nitrogen Containing Polymers _
[0043])  The polymer of the present mventlon has the following general formula,

Formula 1a:

/ \ /N[

-

4

n

7 N
+ - 1
J\

la.

wherein the horizontal line represents a polymer backbone; A is an.'alkyl group
substituted with a water soluble group, preferably a negatively charged group, such as
sulfonate, phosphate, or carboxylate, and more preferably, a s_ttong acid group such as
sulfonate, so that the quatemized heterocyclic nitrogen to which it is attached is
zwitterionic; D is a copolymer component of the polymer, as further described below;

_ each of n, }, and p is independently an éverage number of an associated pblymgr‘unit

or polymér units shown in the closest paientheses to the left; and q is a number of a
polymer unit or polymer units shown in the brackets. _ _ .

. [0044] The heterocyclic nitrogen groups of Formula Al'a includé, but are not
- limited to, pyridine, imidazole, oxazole, thiazole, pyrazo_le, or any derivative thereof,
- Preferably, the heterocyclic nitrogen groups are independently vinylpyridine, such as

2-, 3-, or 4-vinylpyridine, or vinylimidazole, such as 1-, 2-, or 4-vinylimidazole.
More preferably, the heterocyclic nitrogen groups are independently 4-vinylpyridine,
such that the more preferable polymer is a derivative of poly(4-vinylpyridine). An
example of such a poly(4-vinylpyridine) of the present invention has the following

-10-
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general formula, Foimula 1b:

A 4oy
TV >,
=
¥ g
N+ N.|
L n Ja
| .
1b

- wherein A, D, n, 1, p and q are as described above in relation to Formula 1a.
[0045] While the polymer of the present invention has the general Formula 1a or
Formula 1b above, it should be noted that when A is a strong acid, such as a stronger
acid than carboxylic acid, the D component is optional, such that p may equal zero.

Such a polymer of the présent invention has the fbllowing general formula, Formula
lc:

a2 2% WW
28 AN Paall BadN
N7 \\/
G
. A J4d
1c

wherein A is a strong acid and the heterocyclic nitrogen groups, n, 1 and q- are all as

v described above. Sulfonate and fluorinated carboxylic acid are examples of suitably
strong acids. It is believed that when A is a sufficiently strong acid, the heterocyclic
nitrogen to which it is attached becomes zwitterionic ‘and thus capﬁble of forming
intermolecular electrostatic bonds with the crosslinker during membrane formation. It
is believed that these intermolecular electrostatic bonds provide another level of
crosslinking, beyond the covalent bonds typical of crosslinking, and thus make the

- resulting membrane stronger. As a result, when A is a suitably strong acid, the D
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rcomponent, which is often a strengthening component such as styrerre, ‘may be
- omitted from the polymers of Formulas 1a and 1b above. When A is a weaker acid,

such that .the heterocyclic mitrogen is not zwitterionic or capable of forming

intermolecular electrostatic bonds, the polymer of the present invention does include
D, as shown in Formulas 1a and 1b above. '

[0046] . Examples of A include, but are not limited to, sulfbpropyl, sulfobutyl,
carboxypropyl, and carboxypentyl.- In one embodiment of the invention, gl'oup A has
the formula —L-G, where L is a C2-C12 linear or branched alky! linker optionally and
independently substituted with an aryl, alkoxy, alkenyl, alkynyl -F, -Cl -OH,

, aldehyde, ketone, ester, or amide group, and G is a negatively charged carboxy or

sulfonate group. The alkyl portion of the substituents of L have 1-6 carbons and are
preferably an aryl, -OH or amide group. '
[0047] - - A can be attached to the heterocyclic nitrogen group via quatenuza’uon ‘
with an alkylating agent that contains a suitable linker L and a negatively charged
group G,ora precursor group that can be converted foa negatlvely charged group G
at a later stage. Examples of suitable alkylatmg agents include, but are not limited to,
2-bromoethanesulfonate, propanesultone, buranesu]tone, bromoacetic acid, 4-
bmmolrutyﬁc ‘acid and 6-bromohexrmoic acid. Examples of alkylating égent_s
contairring a i)reémsor group include, but are not limited to, ethyl brdmoacetate and
methyl 6-bromohexanoate. The ethyl and methyl ester groups of these precrrrsors can
be readily corrvérted to a negatively charged carboxy group by standard hydrolysis.
[0048] - | Alternatively, A can be attached to the heterocyclic nitrogen group by

quaternizing the nitrogen with an alkylating agént that contains an additional reactive

, grou;r, and sﬁbsequently coupling, via standard methods, this additional reactive_

group to another molecule that contains a negatrvely charged group G and a reactwe
group. Typically, one of the reactlve groups is an electrophile and the other reactive

- group is a nucleophile. Selected examples of reactrve groups and the linkages formed .

" from their interactions are shown in Table 1.
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Table 1: Examples 6f Reactive Groups and Resulting Linkages

First Reactive Group Second Reactive Group Resulting Linkage _
Activated ester* Amine Amide e :
Acrylamide Thiol Thioether
Acyl azide Amine Amide
Acyl halide Amine Amide
Carboxylic acid Amine Amide
Aldehyde or ketone Hydrazine Hydrazone
Aldehyde or ketone Hydroxyamine Oxime
Alkyl halide Amine Alkylamine
Alkyl halide Carboxylic acid Ester
Alkyl halide Imidazole Imidazolium

( Alkyl halide Pyridine Pyridinium
Alkyl halide Alcohol/phenol Ether
Alkyl halide Thiol Thioether
Alkyl sulfonate Thiol Thioether
Alkyl sulfonate Pyridine Pyridinium
Alky! sulfonate Imidazole Imidazolium
Alky! sulfonate Alcohol/phenol Ether
Anhydride Alcohol/phenol Ester
Anhydride Amine Amide
Aziridine Thiol Thioether
Aziridine Amine Alkylamine
Aziridine Pyridine Pyridinium.
Epoxide Thiol Thioether
Epoxide Amine Alkylamine
Epoxide Pyridine Pyridinium
Halotriazine Amine Aminotriazine
Halotriazine Alcohol Triazinyl ether
Imido ester Amine Amidine
Isocyanate Amine Urea
Isocyanate Alcohol .| Urethane
Isothiocyanate | Amine Thiourea
Maleimide Thiol | Thioether
Sulfony! halide Amine Sulfonamide

* Activated esters, as understood in the art, generally include esters of succinimidyl,
benzotriazolyl, or aryl substituted by electron-withdrawing groups such as sulfo, nitro, |

cyano, or halo; or carboxylic acids activated by carbodiimides.

By way of example, A may be attached to the heterocyclic nitrogen groups of the

polymer by quatemnizing the heterocyclic nitrogens with 6-bromohexanoic acid and

subsequently coupling the carboxy group to the amine group of 3-amino-1-

propanesulfonic acid in the presence of a carbodiimide coupling agent.

[0049]
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Formula 1a or 1b. Examples of D include, but are not limited to, phenylalkyl,
alkoxystyrene, hydroxyalkyl, alkoxyalkyl, -alkoxycarbonylalkyl, and a molecule
containing a poly(ethylene glycol) or polyhydroxyl g'roup.. . Some poly(heterocyclic
nitrogen-co-D) polymérs suitable as starting materials for the present invention are
commercially available. For example, poly(2-vinylpyridine-co-styrene), poly(4-
Qinylpyddine;co-styrene) and poly(4-vinylpyridine-co-butyl methacrylate) are
available from Aldrich Chemical Company, Inc. ‘Other\poly(heterocyclic nitrogen-co-

. D) polymers can be readily Synﬂ}eéized by anyone skilled in the art of polymer:
chemistry using well-known methods. Preferably, D is a styrene-or_a C1-C18 alkyl
methacrylate component'of a polyvinylpyridine-poly-D, such as (4-vinylpyrine-co-

- styrene) or poly(4—vinylpyﬁdine-co-butyl methacrylate), more preferably, the former.
D inéy contribute to various desirable properties of the membrane including, but not
iimited to, hydrophobicity, hydrophilicity, solubility, biocompatibility, f:lasticity and
strength. D may be selected to optimize of “fine-tune” a membrane made from the
polymer in terms of its permeability to an analyte and its non-permeablhty to an

v undesuable, interfering component for example. )

", [0050] The letters n, 1, and p designate, respectively, an average number of each
copolymer component in each polymer unit. The letter q is one for a block copolymer
or a number greatér than one for a copolymer with a number of repeating polynier
units. By way of example, the q value for a polymer of the present invention may be
> about 950, where n, | and p are 1, 8 and 1, respectively. The letter q is thus related

- to the overall mdle_cular weight of the polymer. Preferably, the avefag'e .molecula‘r
weight of the polymer is above about 50,000, more preferably above about 200,000,

" most preferably above about 1,000,000. '

-14-
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[0051]  The polymer of the present invéntion may comprise a further, optional
copolymer, as shown in the following general formula, Formula 2a:

T
4 AR
\N// ' N \//
R L O

2a

wherein the polymer backbone, A, D, n, 1, p and q are as descnbed above in relation
to Formulas la-1c; m is an average number of an associated polymer unit or polymer
units shown in the closest parentheses to the left; and B is a modifier. Wher_l the |

. heterocyclic nitrogen groups are 4-s'ub§tituted pyridine; as is preferred, the polymer of

_ the present invention is denvatlve of poly(4-vinylpyridine) and has the general

‘ fonnula, Formula 2b, set forth below.

o]
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- Further, when A is a suitably strong acid, as described above, the D copolymer is
optional, in which case the polymer of the present invention has the general formula,

Formula 2c:

28 ‘/) IS P .
’ N
T+ n \T{/m \N// i
. A B Jda
2¢

[0052]  In any of Formulas 2a-2c, B is a modifier group that may add any desired
chemical, physical or biological pmpeﬁies to the membrane. Such desired properties
include analyte selectivity, .hydrbphobicity, hydrophilicity, elastiéity, and
biocompatibility. Examples of modifiers include the following: negatively charged
molecules that may minimize entrance of negatively charged, interfering chemicals
into the membrane; hydrophobic hydrocarbon molecules that may increase adhesion
between the membrane and sensor substrate 'material;' hydrophilic hydroxyl or -
polyhydroxy molecules that mayA help hydrate and add biocompatibility to the
- membrane; silicon polymers that may add elasticity and other properties to the
- membrane; ‘and poly(ethylene glycol) con#immw that are known to increase
_ biocompatibility of biomaterials (Bergstrom, K., et al., J. Biomed. Mat. Res. 26, 779
(1992)). Further examples of B include, but are not limited to, a metal chelator, such
~asa calcium chelator, and other biocompatible materials. A poly(ethylene giycol)
suitable for biocompatibility modification of the membrane generally has é molecular
- weight of from about 100 to about 20,000, preferably, from about 500 to: about
10,000, and more preferably, from about 1,000 to about 8,000.
[0053] The modifier B can be- attached to the heterocyclic nitrogens of the
polymer directly or indirectly. In direct attachment, the heterocyclic nitrogen groups
may be reacted with a modifier containing an alkylating group. Suitable alkylating
groups include, but are not limited to, alkyl hélide, epoxide, aziridine, and sulfonate

-16-



WQ 03/085372 ' : - PCT/US02/15707

esters. In indirect attachment, the heterocyclic nigrogens of the polymer may be
quaternized with an a]kylating agent having an additional reactive group, and then
‘attached to a molecule having a desired property and a suitable reactive group.
[0054) As described above, the B-containing copolymer is optional in the
_ membrane of the present invention, such that when m of Formula 2a-2¢ is zero, the
~membrane has the general formula of Formula la-1c, respectivély. The relative
amounts of the four copolymer components, the hetefocyclic nitrogen group
containing A, the optional heterocyclic nitrogen group containing B, the heterocyclic
nitrogen group, and D, may be expressed as percentages, as follows: [n/(n +m +1+
p)} x 100%, {m/(n + m + 1+ p)] x 100%, [V/(n + m +1+p)] x 100%, and [p/(n + m +1
+ p)] x 100%, respectively. Suitable percentages are 1-25%, 0-15% (when the B-
containing heterocyclic nitrogen group is optional) or 1-15%, 20-90%, and 0-50%
(whéri D is optional) or 1-50%, respectively, and preferable percentages are 5-20%, 0-
10% (when the B-containing heterocyclic nitrogen group is optional) or 1-10%, 60-
90%, and 5-20%, respectively. | -
[0055] , Speciﬁc examples of suitable polymers have the general formulas,

Formulas 3-6, shown below.

3

-17-
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. N” 4 CH;SOy"
? : >,on
SOy (OCHCH,),0C,

S

6

-18-



WO 03/085372 _ A ' PCT/US02/15707

* Examples of Syntheses of Polyvinylpyridine Polymers
(0056} Examples showing the syntheses of various polyvinylpyridine polymers
gccprding to the present invention are provided below. Numerical figures provided

are approximate.

Example 1: Synthesis of a Polymer of Formula 3
[0057) By way of illustration, an example of the synthesis of a polymer of
Formula 3 above, is now provided. A solution of poly(4-vinylpyxidihe-.co-styrene)
(~10% styrene content) (20g, Aldrich) in 100 mL of dimethyl formamide (DMF) at
90°C was stirred and 6-bromohexanoic acid (3.7 g) in 15-20 mL of DMF was added.
. The’resulting solution was stirred at 90°C for 24 hours and then poured into 1.5L of
ether, whereupon the solvent was decanted. The remaining, gummy solid was
dissolved in MeOH (150-200 mL) and suction-filtered through a medium-pore, fritted .
funnel to vremove any undissolved solid. The filtrate was added slowly to rapidly
stirred ether (1.5L) in a beaker. The resulting precif;itate was collected by suction
filtration aﬁd'dried at 50°C under high vacuum for 2 days. The polymer had the
following parameters: [n/(n+l+p)] x 100% = 10%; [l/(n+]+p)] x 100% = 80%, and
[p/(n+l+p)] x 100% = 10%.

Example 2: Sygthesis of a Polymer of Formula 5
[0058] By way of illustraﬁbn,» an examplé of the synthesis of a polymer of
Formula 5 above, is now provided. A solution of poly(4-vinylpyridine-co-styrene)
(~10% styrene) (20g, Aldrich) in 100 mL of anhydrous DMF at 90°C was stirred,
methanesulfonic acid (~80mg) was added, and then Zg of methoxy-PEG-epoxide
(molecular weight 5,000) (Shearwater Polymers, Inc.) in 15-20 mL of anhydrous
DMF was added. The solution: was stirred at 90°C for 24 hours and‘ -1,3-Propane
sultone (2.32g) in 10 mL of anhydrous DMF was added. The resulting solution was
continuously stirred at 90° for 24 hours, and then cooled to room temf)erature and
poured into 800 mL of ether. The solvent was decanted and the rémaining precipitate
~ was dissolved in hot MeOH (~200 mL), suﬁtion-ﬁltered, precipitated again from 1L
of ether, and then dried at 50°C under high vacuum for 48 hours. The resulting
-polymer has the following parameters: [n/(n-l;m+l-l-p)] x 100% = 10%;
[m/(n+m+Hp)] x 100% = 10%,; [V(n+m+1+p)] x 100% = 70%; .and [p/(htm++p)] x
100%=10%.
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~ Example 3: Synthesis of a Pol'mér Having a Polyhydroxy Modifier B
[0059] By way of illustration, an example of the synthesis of a polymer having a
polyhydfoxy modifier B, as schematically illustrated below, is now provided. Various
pdlyhydroxy compounds are known for having biocompatibility properties. (U.S.
Patent No. 6,011,077.) The synthesis below illustrates how a modifier group havmg a

E desired property may be attached to the polymer backbone via a hnker o

C ]

‘propane sultone,
6-bromohexanoic acid,
DMF

1) TSTU . -
2) N-methyt-D-glucamine

q-ou
HO-C~H
HO-G-H

H-C-OH

CH,0H
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1,3-propane sultone (0.58 g, 4.8 mmoles) and 6-bromohexanoic acid (1.85g, 9.5
mmoles) are added to a solution of poly(4-vinylpyridine-co-styrene) (~10% styrene)
(10g) dissolved in 60 mL of anhydrous DMF. The resulting solution is stirred at 90°C
for 24 hours and then cooled to room temperature. »O-(N-succinirnidyl)-N,N;N’,N’-
tetramethyl-uronium tetrafluoroborate (TSTU) (2.86g, 9.5 mmoles). and N,N-
diisopropylethylamine (1.65 mL, 9.5 mmoles) are then added in succession to the
solution. After the solution is stirred for 5 hours, N-methyl-D-glucamine (2.4g, 12.4
mmbles) is added and the resulting solution is stirred at room temperature for 24
hours. The solution is poured into 500 ml of ether and the precipitate is collected by

~suction filtration. Thé collected precipitate is then diésolved in MeOH/H,0 and the
resulting solution is subjected to ultra membran'é filtration using the same MeOH/H,0
solvent to remove small molecules. The dialyzed solution is evaporated to dryness to |

~ give a polymer with the following parameters: [n/(n+m+l+p)] x 100% = 10%;
[m/(n+m++p)] x 100% = 10%; [/(n+tm+l+p)] x 100% = 70%; and [p/(n+m+H+p)] x
100% = 10%.

Crosslinkers

[0060])  Crosslinkers of the .present invention are molecules having at least two -
reactive groups, such as b, tri-, or tetra-functional groups, éapable of reacting with
the heterocyclic nitrogen groupé, pyridine groups, or other reactive groups contained
onA, B of D of the polymer. Preferably, the reactive groups of the crosslinkers are
slow-reacting alkylating groupé that can quaternize the heterocyclic nitrogen groups,
‘'such as pyridine groups, of the polymer. Suitable aikylaﬁng groups include, but are
not iimited to, derivatives of poly(ethylene glycol) or poly(propylene glycol), epoxide
(glycidyl group), aziridine, alkyl halide, and sulfonate esters. Alky_lating groups of
the crosslinkers are preferany glycidy! groups. Preferably, glycidyl crosslinkers have
a molecular weight of from about 200 to about 2,000 and are water soluble or soluble
in a water-miscible solvent, such as an alcohol. Examples of suitable crosslinkers
include, but are not limited to, poly(ethylene glycol) diglycidyl ether with a molecular
wé_ight of about 200 to about 600, and N,N-diglycidyl-4-glycidyloxyaniline.

It is desirable to have a slow crosslinking reaction during the dispensing of

membrane solution so that the membrane coating solution has a reasonable pot-life for

large-scale manufacture. A fast crosslinking reaction results in a coating solution of

- rapidly changing viscosity, which renders coating difficult. Ideally, the crosslinking
21-



WO 03/085372 _ PCT/US02/15707

- reaction is slow during the dispensing of the membrane solution, and accelerated
during the cixring of the membrane at ambient temperature, or at an elevated

temperature where possible.

Membrane Formation and Sensor Fabrication

[0061]  An example of a process for producing a membrane of the present
_invention is now described. In this example, the polymér of the present invention and
" a suitable crosslinker are dissolved in a buffer-containing solvent, typically a buffer-
- alcohol mixed solvént, to produce a membrane solution. Preferably, the buffer has a
pH of about 7.5 to about 9.5 and the alcohol is ethanol. More preferably, the buffer is
a 10 mM (2-(4-(2-hydroxyethyl)—l-piperazine)ethanesulfonate) (HEPES) buffer (pH
8) and the ethanol to buffer volume ratio is from about 95 to 5 to about 0 to 100. A
minimum amount of buffer is necessary for the crosslinking chemistry, especially if
an epoxide or aziridine crosslinker is used. The amount of solvent needed to dissolve
the polymer and the crosslinker may vary depending on the nature of the polymer and
the crosslinker. For example, a higher percentage of alcohol may be required to
dissolve a relatlvely hydrophoblc polymer and/or crosslinker. -
[0062]  The ratio of polymer to cross-linker is 1mpoxtant to the nature of the final
membrane. - By way of example, if an inadequate amount of crosslinker or an
extremely large excess of crosslinker is used, crosslinking is insufﬁci'ent'and the
membrane i is weak. Further, if a more than adequate amount of crosslinker is used,
the membrane is overly cross]mked such that membrane i is too brittle and/or impedes
analyte diffusion. Thus, there is an optimal ratio of a given polymer to a given
crosslinker that should be used to prepare a desirable or useful membrane. By way of
example, the optimal polymer to cmsslinkef ratio by ngght is typically from about
4:1 to about 32:1 for a polymer of any of Formulas 3-6 above and a- poly(ethylene
glycol) diglycidyl ether crosslinker, having a molecular weight of about 200 to about
| 400. Most preferably, this range is from about 8:1 to abbut 16:1. Further by way of
" example, the optimal polymer t¢ croéslinker ratio bva-eight is typically about 16:1 for
a polymer of Formula 4 above, wherein [n/(n+l+p)] x 100% = 10%,.[ll(n+l+p)] X
100% = 80%, and [p/(n+1+p)] x 100% = 10%, or for a polymer of Formula 5 above,
wherein [n/(n+m+1+p)] x 100% = 10%, [m/(n+m+l+p)] x 100% = 10%, [I/(n+m+l+p)]
x 100% = 70%, [p/(n+tm+l+p)] x 100% = 10%, and r = 110, and a poly(ethylene
glycol) diglycidyl ether crosslinker having a molecular weight of about 200.
-22-
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[0063]  The membrane solution can be coated over a variety of biosensors that
may benefit from having a membrané disposed over the enzyme-containing‘sensing
layer. Examp]es of such biosensors include, but are not limited to, glucose sensors
and lactate sensors. (See U.S. Patent No. 6,134,461 to Heller e al., which is
incorporated herein in its entirety by this reference.) The coating process may
comprise any commonly used technique, such as spin-coating, dip-coating, or
dispensing droplets of the membrane solution over the sensing layers, and the like,
followed by curing under ambient conditions typlcally for1to2 days The particular

: detaxls of the coatmg process (such as dip duration, dip ﬁcquency, number of dips, or
the hke) may ' vary dependmg on the nature (i.e., v1scos1ty, concentration,
composmon, or the like) of the polymer, the crosslinker, the membrane solution, the

' so]\.'ent, and the buffer, for example. Conventional equipment may be used for the

- coating process, such as a DSG D1L-160 dip-coating or casting system of NIMA
Technology in the United Kingdom. : |

Exémplé of Sensor Fabrication - ]
[0064]  Sensor fabrication typically consists of depositing an enzyme-containing
sensing layer over a working electrode and casting the diffusion-limiting membrane
layer over the sensing layer, and optionally, but preferably, also over the counter and
reference electrodes. The procedure below concems the fabrication of a two-
electrode sensor, such as that depicted in Figures 2A-2C. - Sensors havirig‘other
conﬁguratlons such as a three-electrode desxgn can be prepared using similar
- methods.
[0065] A particular éxample of sensor fabrication, wherein the numerical ﬁgﬁreé
are approximate, is now provided. ' A sensing layer solution was prepared from a
7.5mM HEPES solution (0.5 uL, pH 8), containing 1.7pg of the polymeric QSmium
mediator compound L, as disclosed in Published Patent Cooperation Treaty (PCT)
Application, International Publication No. WO 01/36660 A2, which is incorporated
herein in its entiréty by this reference; 2 'ipg of glucose oxidase (T 6yobo); and 1 3pg
of poly(ethylene glycol) diglycidyl ether (molecular weight 400). ‘Compound L is

“shown below.
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The sensmg layer solution was deposited over carbon-mk working electrodes and
" cured at room temperature for two days to produce a number of sensors. A membrane
solution was prepared by mixing 4 volumes of a polymer of Formula 4 above,
' dissolved at 64 mg/mL in 80% EtOH / 20% HEPES buffer (10 mM, pH 8), and one
volume of poly(ethylene glycol) diglycidyl ether (molecular wexght 200), dissolved at
4 mg/mL in 80% EtOH /20% HEPES buf_fer (10 mM, pH 8). The above-described
 sensors were dippéd three times into the membrane s&lution, at about S seconds per
dipping,A with about a 10-minute time interval between consecutive di'ppings.v' The
sensdfé were then cured at room temperature and normal humidity for 24 hours.
[0066] An approximate. chemical structure of a section of a typical membrane
prepared according to the present invention is shown in Figure 1. Such a membrane
may be émployed in a variety of sensors, such as the two- or three-electrode sensors
described previously herein. By way of example, the membrane may be used in a
two-electrode amperometric glucose sensor, as shown in Fi gure 2A-2C (collectively

Figure 2) and described below. |
-24-
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[0067) The axnperbmetl'ic glucose eensor 10 of Figure 2 compﬁses a substrate 12
disposed between a working electrode 14 that is typically carbon-based, and a
Ag/AgCl counter/reference electrode 16. A sensor or sensing layer 18 is disposed on
‘the lavorking clectrode. A membrane or membrane layer 20 encapsulates the entire
glucose sensor 10, including the Ag/AgCl counter/reference electrode.
l0068] The sensing layer 18 of the glucose sensor 10 consists of crosslinked
glucose oxidase and a low potential polymeric osmium complex mediator, as
dlsclosed in the above-mentioned Published PCT Application . International
Publication No. WO 01/36660 A2. The enzyme- and medlator-contmmng
- formulation that can be used in the sensing layer, and methods for applymg them to an
' electrode system, are known in the art, for example, from U.S. Patent No. 6 134,461.
Accordmg to the present invention, the membrane overcoat was formed by thrice
dipping the sensor into a membrane solution cdmprising 4 mg/mL poly(ethylene
glycol) diglycidyl ether (molecular weight of about 200) and 64mg/mL of a polymer
of Formula 4 above, wherein [n/(n+1+p)] x 100% = 10%; [U(n+1+p)] x 100% = 80%;
and [p/(n+1+p)] x 100% = 10%, and curing the thrice-dipped sensor at ambient
temperature and normal humidity for at least 24 hours, such as for about 1 to 2 days.
The q value for such a membrane overcoat may be > about 950, where n, 1and p are

1, 8 and 1, respectively.

Membrane Surface Modification

- [0069]  Polymers of the present invention have a large number of heter_dcyclie
nitrogen groups, such as pyridine. groups, only a few i)ercent of which are used in
crbsslinking during membrane formation. The membrane thus has.'an excess of these
groups present both within the membrane mairix and on the membrane surface.
Optionally, the membrane can be further modified by placing another layer of
material over the heterocyclic-nitrogen-group-rich or pyridine-rich membrane surface.
For example, the membrane surface may be modified by adding a layer of
poly(ethylene glycol) _for-enhanced biocompatibility. In general, modification may‘

_ consist of coating the membrane surface with a modifying solution, such as a solution
comprising desired molecules having an alkylating reactive group, and then washing
the coating solution with a suitable solvent to remove excess molecules. This

modification should result in a monolayer of desired molecules. -
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The membrane 20 of the glucose sensor 10 shown in Figure 2'may be

modified in the manner described above.

Experimental Examples
[0070}  Examples of experiments that demonstrate the properties and/or the

efficacy of sensors having diffusion-limiting membranes according to the present

invention are provided below. Numerical figures provided are approximate. "~

Calibration Experiment

{0071}  In a first example, a calibration expériment was conducted in which fifteen
sensors lacking membranes were tested simultaneously (Set 1), and separately, eight
sensors having diffusion-limiting membranes according to the present invention wefe
tested siniultaheously (Set 2), all at 37°C. In Set 2, the membranes were prepared
fr_om polymers of Formula 4 abdve and poly(ethylene glycol) diglycidyl ether
(PEGDGE) crosslinkers, having a molecular weight of about 200. In the calibration
experiment for each of Set 1 and Set 2, the sensors were placed in a PBS-buffered
solutiou (pH 7) and the output current of each of the sensors was measﬁred as the
glucdse concentration was increased. The measured output currents (pA for Set 1; nA

_ for Set 2) were then averagéd for each of Set 1 énd Set 2 and plotted against glucose
concentration (mM), as shown in the calibration gfaph of Figure 3.

. [0072] As shown, thé'calibration curve for the Set 1 sensors lacking membranes is
approximately linear over a very small range 6f giﬁcose coni:entrationé, from zero to
about 3 mM, or 5 mM at most. This result indicates that the membrané-free Sensors
are insufficiently sensitive to glﬁcose concentration change at elevated glucose
concentrations such as 10 mM, which is well below the high end of clinically relevant
glucosé concentration at ébout 30 mM. By contrast;,the' calibration curve for the Set 2
sensors having diffusion-limiting membranes according to the present invention is
substantially linear over a- relatively large ,range' of glucose concentratiéns, for
example, from zero to about 30 mM, as demonstrated by the best-fit line (y= i.2502x

~ + 11951; R*. = 0.997) also shown in Figure 3. This result ‘demonstrates the
considerable sensitivity of the membiane-eﬁuipped membranes to glucose
concentration,‘ at low, medium, and high glucose concentrations, and 6f particular
relevance, at the high end of clinically relevant glucose concentration at about 30
mM.
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Stability Experiment _
[0073] In a second example, a stability expen'ment was conducted in which a
sensor lacking a membrane and a sensor having .a diffusion-limiting memorane
" according to’ the present invention were tested, simultaneously, at 37°C. " The
membrane-equipped sensor had a membrane prepared from the same polymer and the
“same crosslinker as those of the sensors of Set 2 described above in the calibration
expen"ment. In this stability experiment, each of the sensors was placed in a PBS-
buffered solution (pH 7) having a fixed glucose concentration of 30 mM, and the
ootput current of each of the sensors was measured. The measured output currents
(A for the membrane-less sensor; nA for the membrane-equipped sensor) were
plotted against time (hour), as shown in the stability graph of Figure 4.
[0074]  As shown, the stability curve for the membrane-less sensor decays rapidly
over time, at a decay rate of about 4.69% pA per hour. This result indicates a lack of
_ stability in the membrane-less sensor. By contrast, the stability curve for the
membrane-equipped sensor according to the present invention shows relative
constancy over time, or no appreciable decay over time, the decay rate bemg only
about 0.06% nA per hour. This result demonstrates the con51derable stability and
reliability of the membrane-equipped sensors of the present invention. That is, at a
glucose concentration of 30 mM, while the membrane-less sensor lost sensitivity at a
rate of _altnost 5% per hour over a period of about 20 hours, the membraoe-equipped
sensor according to the present invention showed virtually no loss of sensitivity over

the same period.

Responsivity Experiment
[0075] - Ideally, the membrane of an electrochemlcal sensor should not 1mpede

communication between the sensmg layer of the sensor and fluid or bxoﬂuld ,
contanmng the analyte of i mterest That 1s, the membrane should respond rapxdly to
‘changes in analyte concentration. u
[0076] In a third example, a responsmty experiment was conducted in which -
exght sensors having dnfﬁsxon—lumtmg membranes according to the present invention
 were tested simultaneously (Set 3), all at 37°C. The sensors of Set 3 had membranes
prepared from the same polymers and the same crosslinkers as those of the sensors of
Set 2 described in the calibration expeﬁment above. In this respohsivity experiment,

- the eight sensors were placed in a PBS-buffered solution (pH 7), the glucose
-27-



WO 03/08537i : - PCT/U 502/15707

L conceﬁtration of which was increased in a step-wise manner over time, as illustrated
by the glucose concentrations shown in Flgure 5, and the output current of each of the
sensors was measured. The measured output currents (nA) were then averaged for Set
3 and plotted against time (real time, hour:minute:second), as shown in the
responsivity graph of Figure 5.

[0077)  The responsivity curve for the Set 3 sensors having diffusion-limiting
membranes according to the present invention has discrete steps that mimic the step-
wise increases in glucose concentration in a réi:id fashion. As shown, the output
current jumps rapidly from one plateau to the next after the glucose concentration is
increased. This result demonstrates the consxderable responsivity of the membrane-
eqmpped sensors of the present invention, The responsxvxty of these membrane-
equipped _electrochemiéal sensors makes them ideal for analyte sensing, such as

glucose sensing.

Motion-Sensitivity Experiment

[0078] - Ideally, the membrane of an electrochemical sensor should be unaffected
by motlon or movement of fluid or biofluid containing the analyte of i interest. This is
partlcularly important for a sensor that is 1mp1anted in a body, such as a human body,
as body movement may cause motion-associated noise and may well be quite
frequent. |
[0079] In this fourth example, a motlon-sensmwty expenment was conducted in
which a sensor A lackmg a membrane was tested, and separately, a sensor B having a
: dxffusmn-hmmng membrane accordmg to the present mventxon was tested, all at
37°C. Sensor B had a membrane prepared from the same polymer and the same’
.c_rosshnker as those of the sensors of Set 2 described in the calibration experxment
" above. In this experiment, for each of test, the sensor was placed in a beaker
containing a PBS-buﬁ't_ared solution (pH 7) and a magnetic stirrer. The glucose
concentration of the solution was increased in a step-wise manner over time, in much
~_ the same manner as described in the responsivity expen'rhent above, as indicated by
the various mM labels in Figure 6. The stirrer- was activated during each step-wise
increase in the glucose concentration and deactivated some time thereafter, as
illustrated by the “stir on” and “stir off” labels shown in Figure 6. This activation and
 deactivation of the stirrer was repeated in a cyclical manner at several levels of

glucose concentration and the output current of each of the sensors was measured
28
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throughout the experiment. The measured output currents (LA for sensor A; nA for
sensor B) were plotted against time (mmute), as shown in the motion-sensitivity graph
of Figure 6. _
[0080] As s}iown, the output current for the membrane-less s'ensbr A is 'great'ly
éffected by the stir versus no stir conditions over the glucose concentration range used
in the experiment. By contrast, the output current for sensor B, having diffusion-
limiting membranes according to the present invention, is virtually unaffected by the
stit versus no stir conditions up to a glucose concentration of about 10 mM, and only
slightfy affected by these conditions at a glucose concentration of about 15 mM. This
_result demonstrates fhe considerable stability of the membrane-equipped sensors of
the present invention in both stirred and non-stirred environments. The stability of
these membrane-equipped electrochexmcal sensors in an enwromnent of fluid

- movement makes them ideal for analyte sensing within a moving body.

Sensor Rggroducibiligx Experiment

[0081)  Dip-coating, or casting, of membranes is typically carried out using
dipping machines, such as a DSG DI1L-160 of NIMA Technology of the United
Kingdorﬁ. .Reproducible casting of membranes has been considered quite difficult to
achieve. - (Chen, T., et al, In Situ Assembled Mass-Transportv Controlling

Micromembranes and Their Application in Implanted Amperometric Glucose Sensors,

Anal. Chem., Vol. 72, No. 16, Pp. 3757-3763 (2000)) Surprisingly, sensors of the = -

present invention can be made quite reproducibly, as demonstrated in the experiment
now described.

[0082]  Four batches of sensors (Batches 1-4) were prepared separately accordmg
to the present invention, by dipping the sensors m membrane solution three times
using casting equipment and allowing them to cure. _In each of the four batches, the
membrane solutions were prepared from the polymer of Formula 4 and poly(ethylene
glycol) digycidyl ether (PEDGE) crosslinker having a molecular weight of about 200
(as in Set 2 and other Sets described above) using the same procedure. The
membrane solutions for Batch_es 1 and 2 were prepared separately from each other,
and from the membrane solution used for Batches 3 and 4. The membrane solution
for Batches 3 and 4 was the same, although the Batch 3 and Batch 4 sensors were dip-
coated at different timés using different casting equipment. That is, Batches 1, 2 and

3 were dip-coated using a non-commercial, built system and Batch 4 was dip-coated
-29- o
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using the above-referenced DSG DIL-160 system.
[0083] Calibration tests were conducted on each batch of sensors at 37°C.. For
each batch, the sensors were placed in PBS-buffered solution (pH 7) and the output
current (nA) of each of the sensofs was measured as the glucose concentration (mM)
was >incAreased. For each sensor in each of the four batches, a calibration curve based
on a plot of the current output versus glucose concentration was prepared as shown in
Figure 7B (Batch 1: 5 sensors), Figure 7C (Batch 2: 8 sensors), Figure 7D (Batch 3:
_4 sensoxs) and Figure 7E (Batch 4: 4 sensors). The average slopes of the calibration
curves for each batch were the followmg

Batch 1: Average Slope = 1.10 nA/mM (Cv= 5%),

Batch 2: Average Slope = 1.27 nA/mM (CV =10%);

Batch 3: Average Slope = 1.15 nA/mM (CV = 5%); and

Batch 4: Average Slope = 1.14 nA/mM (CV = 7%).
Further, for each batch the current output for the sensors in the batch was averaged

- and plotted agamst glucose concentration, as shown in Figure 7A The average slope
_ for Batches 1-4 was 1.17 nA/mM (CV =7. 2%). A

[0084] The slopes of the curves within each batch and from batch-to-batch are
very tightlv grouped, showing considerably little variation. The results demonstrate
that sensors prepared_according to the present invention give quite repfoducib]e
results, both within a batch and from batch-to-batch.

; [0085] The foregoing examples demonstrate many of the advantages of the
meﬁbrmes of the presenf invention and the sensors employing such membranes.
Particular advantages of sensors employing the membranes of the presént invention
mclude sensitivity, stability, responsivity, motlon-compatﬂnhty, ease of calibration,
and ease and reproducibility of manufacture. |

: [0086]  Various aspects and features of the present invention have been explained
or described in relation to beliefs or theorles, although it wﬂl be understood that the

. invention is not bound to any partxcular belief or theory. _Vanous modifications,
processes, as well as numerous structures to-which the present invention rhay be
applicable will be readily apparent to those of skill in the art to which the present
invention is directed upon review of the specification.” Although the various aspects
and features of the present invention have been described with respect to various

embodiments and specific examples herein, it will be understood that the invention is
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entitled to protection within the full scope of the appénded claims.
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CLAIMS

- L A membrane for use in an electrochemical sensor, compnsmg

a crosslinker; and

a polymer having the formula: |
oo L\ /[ \_{
TR
’r \\ , r, .‘\
7). N7
[N
A Ja

wherein the solid horizontal line represents a polymer backbone;
Aisan alkyl substituted with a water-soluble constituent;
. D is selected from a group consisting of phenyldlkyl alkoxystyrene,
hydroxyalkyl alkoxyalkyl alkoxycarbonylalkyl a poly(ethylene glycol)-
contammg constituent, and a polyhydroxyl-containing constituent; and

‘each of n, 1, p and qis mdependently a positive number.
2. The membrane of claim 1, wherein A is negatively charged.

3. The membrane of claim 1, wherein A is selected from a group

consisting of a sulfonate, a carboxylate, and a phosphate.

4, The membrane pf claim 1, wherein A is selected from a group

consisting of sulfopropyl, sulfobutyl, carboxypropyl, and carboxypentyl.

5. Th'evmembrane of claim 1, wherein A is of the formula L-G, where L is
a C2-C12 linear or branched alkyl linker and Gisa negatlvely charged ‘carboxy or
sulfonate.

6. The membrane -of claim 5, wherein L is substituted wnh an aryl
alkoxy, alkenyl, alkynyl -F, -Cl, -OH aldehyde, ketone, ester, or amlde

-32-
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7. The membrane of claim 1, wherein D is styfene or C1-C18 alkyl
methacrylate.
8. The membrane of claim 1, wherein the ’polyme..r has a formula selected |

from a group consisting of:

COzH

33-
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9. The membrane of claim 1, wherein an average molecular weight of the

polymer is above about 50,000.

10.  The membrane of claim 1, wherein an average molecular weight of the

 polymer is above about 200,000,

11.  The membrane of claim 1, wherein an average molecular weight of the -

polymer is above about 1,000,000,

12. The membrane of claim 1, wherein the polymer further comprises a B-
- containing copolymer such that the polymer has the formula:

e

\N{/r; \N{/m \N//l
N | - - da
A - B _ :

wherein B is a modifier and m is a positive number.

13. . The membrane of claim 12, wherein B is selected from a group
consisting of a chelator, a negatively charged constituent, a hydrophobic hydrocarbon
constituent, a hydrophilic hydroxyl or polyhydroxy constituent, a silicon polymer, and
a poly(ethylene glycol). - | |

14, The membrane of claim 12, wherein B is a poly(ethylene glycol)
* having a molecular weight of from about 100 to about 20,000.
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15. The membrane of claim 12, wherein the polymer has a formula

selected from a group consisting of:

N” 4 CH,SO5
OH

SOy (OCH,CH.)0C; - and

16.  The membrane of claim 12, wherein [n/(n +m+1 + p)] x 100% is from
about 1% to about 25%. '

17.  The membrane of claim 12, wherein [m/(n + m + 1 + )] x 100% is
from about 1% to about 15%. '

18.  The membrane of claim 12, wherein [l/(n +m + 1+ p)] x 100% is from
about 20% to about 90%.

19.  The membrane of claim 12, wherein [p/(n + m + 1+ p)] x 100% is from
about 1% to about 50%. '

-35.-
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20. The membrane of claim 1 or 12, wherein at least one heterocyclic
nitrogen constituent of the polymer is independently selected from a group consisting

of ﬁyridine, imidazole, oxazole, thiazole, pyrazole, and any derivative thereof.

21.  The membrane of claim 1 or 12, wherein at least one heterocyclic
nitrogen constituent of the polymer is independently selected from a group consisting
of 2-vinylpyridine, 3-vinylpyridine, 4-vinylpyridine, 1-vinylimidazole, 2-

vinylimidazole, and 4-vinylimidazole.

22 The membrane of claim 1 or 12 sufficient to limit a flux of glucose or

lactate thereacross.

23.  The membrane of claim 1 or 12 sufficient to limit a flux of glucose or

lactate thereacross in vivo.

24.  The membrane of claim 1 or 12, wherem the crosslinker compnses at

least one epox1de reactive group.

25. The membrane of claim 1 or 12, wherein the crosslinker has a
molecular weight of from about 200 to about 2000.

26. 7 The membrane of clalm lorli2, wherem the crosslinker is a denvatwe

‘ of poly(ethylene glycol) or poly(propylene glycol).

27.  The membrane of claim 1 or 12, wherein a weight ratio of the polymer
to the crosslinker is from about 4:1 to about 32:1.

28. - The membrane of claim 1 or 12, wherein a weight ratio of the polymer
to the crosslinker is from about 8:1 to about 16:1. o

29.  The membrane of claim 1, further comprising a layer of pbly(ethylene |

glycol).

-36-
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30.  An electrochemical sensor, comprising:
a working electrode comprising:
a sensing layer in contact with a conductive material of the electrode; -
a membrane disposed over the sensing layer, the membrane comprising a
crosslinker and a polymer having the formula: ' "

oL\
N ’

wherem the solid horizontal line represents a polymer
backbone;

A is an alkyl substituted with a water-soluble constituent; -

D is selected from a group consisﬁng_ of phenylalkyl,
alkoxystyrene, hydroxyalkyl, alkoxyalkyl, élkoxycarbonylalkyl a
poly(ethylene glycol)-containing constxtuent, and a polyhydroxyl-
contalmng constituent; and

eachofn,l,pand qis ihdependently a positive number; and

a counter electrode in electrochemical comrﬁunication with the working

electrode.

31. The eiectrochemical sensor of claim 30, wherein A is negatively
charged.

32. The electrochemlcal sensor of claim 30, wherein A is selected from a

group cons1stmg ofa sulfonate, a carboxylate, and a phosphate.

33. The electrochemical sensor of claim 30, wherein A is selected from a

group consisting of sulfopropyl, sulfobutyl, carboxypropyl, and carboxypentyl.
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34,  The electrochemical sensor of claim 30, wherein A is of the formula L-
G, where L is a C2-C12 linear or branched alkyl linker and G is a negativeiy charged

carboxy or sulfonate.

35,  The electrochemical sensor of claim 34, wherein L is substituted with

an aryl, alkoxy, alkenynl,Aalkynyl, ;F, -Cl, -OH, aldehyde, ketone, ester, or amide. .

36. The electrochemicgl sensor of claim 30, wherein D is styrene or C1-
C18 alkyl iilethacrylate. ' '

37, The eléctrochemical sensor of claim 30, wherein the polymer has a

- formula selected from a group consisting of:
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38.  The electrochemical sensor of claim 30, wherein an average molecular

weight of the polymer is above about 50,000.

39. The electrochemical sensor of claim 30, wherein an average molecular
weight of the polymer is above about 200,000.'

40, The electrochemical sensor of ciaim 30, wherein an average molecular
weight of the polymer is above about 1,000,000.

. 41, The electrochemical sensor of claim 30, wherein the polymer further

comprises a B-containing copolymer such that the polymer has the formula:

NW:J N /N /N .___WW
TV LT
\YZA “\N/)

| +/m

N/,
N B

wherein B is a modifier and m is a positive number.

42.  The electrochemical sensor of claim 41, wherein B is selected from a
group consisting of a chelator, a negatively charged constituent, a hydrophobic
hydrocarbon consitituent, a hydrophilic hydroxyl or polyhydroxy constituent, a silicon
polymer, and a poly(ethylgne glycol). |
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43.  The electrochemical sensor of claim 41, wherein B is a poly(ethylene

glycol) having a molecular weight of from about 100 to about 20,0600.

44.  The electrochemical sensor of claim 41, wherein the polymer has a

formula selected from a group consisting of:

N" 4 CH3S04" .

L £

oy (OCH,CH,),0C,

and

CH:
H—C—OH

HO—C-H
Ho-g—u
H-C-OH
CH,OH

45.  The electrochemical sensor of claim 41, wherein [n/(n + m + 1 + p)] x
" 100% is from about 1% to about 25%. '

46.  The electrochemical sensor of claim 41, wherein [m/(n + m + 1+ p)] x
100% is from about 1% to about 15%.

47.  The electrochemical sensor of claim 41, wherem (Mn+m+1+ p)] X
100% is from about 20% to about 90%.
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48.  The electrochemical sensor of claim 41, wherein [p/(n+m +1+p)] x
100% is from about 1% to about 50%.

49.  The electrochemical sensor of claim 30 or 41, wherein at least one
heterocyclic nitrogen constituent of the polymer is independently selected from a
group consisting of pyridine, imidazole, oxazole, thiazole, pyrazole, and any

derivative thereof.

50.  The electrochemical sensor of claim 30 or 41, wherein at least one
heterocyclic nitrogen constituent of the polymer is _independenﬂy selected from a
group consisting of ' 2-vinylpyridine, 3-vinylpyridine, 4-vinylpyridine, 1-

vinylimidazole, 2-vinylimidazole, and 4-vinylimidazole.

51. The electrochéinical sensor of claim 30 or 41, wherein the membrane

is sufficient to limit a flux of glucose or lactate thereacross.

52. The electrochemical sensor of claim 30 or 41, wherein the membrane

is sufficient to hmlt a flux of glucose or lactate thereacross in vivo.

53. The electrochemxcal sensor of claim 30 or 41, wherem the crosshnker

comprises at least one epoxide reactive group.

54.  The electrochemical sensor of claim 30 or 41, w_herein the crosslinker
has a molecular weight of from about 200 to about 2000.

55.. The electrochemical sensor of claim 30 or 41, wherein the crosslinker

isa derivative of poly(ethylene glycol) or poly(propylene glycol).

56.  The electrochemical sensor of claim 30 or 41, wherein a weight ratio

of the polymer to the crosslinker is from about 4:1 to-about 32:1.

57.  The electrochemical sensor of claim 30 or 41, wherein a we:ght ratio

of the polymer to the crosslinker is from about 8:1 to about 16:1.

58. The electrochemical sensor of claim 30, wherein the membrane further

comprises a layer of poly(ethylene glycol). '
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59.  The electrochemical sensor of claim 30, wherein the sensing layer

" comprises an enzyme, an enzyme stabilizer, and a crosslinker.

60.  The electrochemical sensor of claim 30, wherein the sensing layer

comprises an enzyme, a polymeric mediator, and a crosslinker.

61. - A membrane for use in an electrochemical sensor, compﬁsing:
a crosslinker; and
a polymer having the formula:

VR
| e

oA ]a

wherein the solid horizontal line represents a polymer backbone;
A is strong acid; and _
each of o, 1, p and q is independently a positive number.

62. The membrane of claim 61, wherein A is such that the heterocyclic

nitrogen to which it is attached is zwitterionic.

- 63. - The rhembrane of claim 61, wherein A is a stronger acid than

éarbbxylic acid.
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. 64.  The membrane of claim 61, wherein the polymer further comprises a
B-containing copolymer such that the polymer has the formula:

. Szl )

|+ Ny /m

| A B , q
wherein B is a modifier and m is a positive number.

65. The membrane of claim 61, wherein B is selected from a group
consisting of a chelator, a negatively charged constitixent a hydrophobic hydrocarbon
constituent, a hydrophlhc hydroxyl or polyhydroxy constituent, a silicon polymer and
a poly(ethylene glycol).

66. The membrane of claim 61 or 64, wherein at least ohe heterocyclic
nitrogen constituent of the polymer is independently selected from a group consisting
of 2-vinylpyridine, 3-vinylpyridine,  4-vinylpyridine, 1-vinylimidazole, 2-

Vinylimidazole, and 4-vinylimidazole.

67. The membrane of clann 61 or 64 sufﬁclent to limit a flux of glucose or

lactate thereacross.

68. The membrane of claim 61 or 64 sufficient to limit a flux of glucose or

lactate thereacross in vivo.

69.  The membrane of claim 61 or 64, wherein the crosslinker comprises at

least one epoxide reactive group.

70.  The membrane of claim 61 or 64, wherein the crosslinker has a
molecular weight of from about 200 to about 2000.

71.  The membrane of claim 61 or 64, wherein the crosslinker is a

~ derivative of poly(ethylene glycol) or poly(propylene glycol).
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72.  The membrane of claim 61 or 64, wherem a weight ratio of the

' polymer to the crosslinker is from about 4:1 to about 32:1.

73. The membrane of claim 61 or 64, wherein a weight ratio of the

polymer to the crosslinker is from about 8:1 to about 16:1.

74. An electrochemical sensor, comprising:
a working electrode comprising:
- a sensing layer in contact with a conductive material of the electrode,
a membrane disposed over the sensing layer, the membrane compnsmg a

crosshnker and a polymer having the formula:

/N »'~/ \ ]

VAR
+ 1
| ;

— —

wherein the solid horizontal line represents a polymer
: backbone
" A is strong acid; and
each of n, 1, p and q is independently a positive number; and
a couoter electrode in electrochemical communication with the wo;king

“electrode.

75.  The electrochemical sensor of claim 74, wherein A is such that the

heterocyclic nitrogen to which it is attached is zwitterionic.

76.  The electrochemical sensor of claim 74, wherein A is a stronger acid

than carboxylic acid.
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77.  The electrochemical sensor of claim 74, wherein the polymer further
cdmpris’es a B-containing copolymer such that the polymer has the formula: '

, . T{/ n \N{/ m \N// 1
A

- B I

wherein B is a modifier and m is a positive number.

_ 78.  The electrochemical sensor of claim 77, wherein B is selected from a
group consisting of a chelétor, a negatively charged constituent, a hydrophobic
hydrocarbon constituent, a hydrophilic hydroxyl or polyhydroxy constituent, a silicon
polymer, and a poly(ethylene glycol).

79.  The electrochemical sensor of claim 74 or 77, wherein at least one
heterocyclic nitrogen constituent of the polymer is independently selected from a
~ group consisting of pyridine, imidazole, oxazole, thiazole, pyrazole, and any

derivative théreof.

80. The electrochemical sensor of claim 74 or 77, wherein at least one
heterocyclic nitrogen constituent of the polymer is independently selected from a
group consisting of 2-vinylpyridine, 3-vinylpyridine, 4-vinylpyridine, 1-

vinylimidazole, 2—viny1imidazole, and 4-vinylimidazole.

81.  The el¢ctrocherﬁical sensor of claim 74 or 77 sufficient to limit a flux

of glucose or lactate thereacross.

82.  The electrochemical sensor of claim 74 or 77 sufficient to limit a flux

of glucose or lactose thereacross in vivo.

83. The electrochemical sensor of claim 74 or 77, wherein the crosslinker

" comprises at least one epoxide reactive group.
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84.  The electrochemical sensor of claim 74 or 77, wherein the crosslinker

has a molecular weight of from about 200 to about 2000.

" 85.  The electrochemical sensor of claim 74 or 77, wherein the crosslinker

is a derivative of poly(ethylene glycol) or poly(propylene glycol).

86. The electrochemical sensor of claim 74 or 77, wherein a weight ratio

of the polymer‘ to the crosslinker is from about 4:1 to about 32:1.

87.  The electrochemical sensor of claim- 74 or 77, wherein a weight ratio

of the polymer to the crosslinker is from about 8:1 to about 16:1.

88. The elecfrochemi_cal sensor of claim 74, wherein the sensirig layer

comprises an enzyme, an enzyme stabilizer, and a crosslinker,

89.  The electrochemical sensor of claim 74, wherein the sensing layer

comprises an enzyme, a polymeric mediator, and a crosslinker.
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